The receptor tyrosine kinase MET is frequently involved in malignant transformation and inhibiting its activity in MET-dependent cancers is associated with improved clinical outcomes. Emerging evidence also suggests that mitochondria play an essential role in tumorigenesis and Dynamin Related Protein (DRP1), a key component of the mitochondrial fission machinery, has emerged as an attractive therapeutic target. Here, we report that inhibiting MET activity with the tyrosine kinase inhibitor MGCD516 attenuates viability, migration, and invasion of non-small cell lung cancer (NSCLC) and malignant pleural mesothelioma (MPM) cell lines in vitro, and significantly retards tumor growth in vivo. Interestingly, MGCD516 treatment also results in altered mitochondrial morphology in these cell lines. Furthermore, inhibiting MET pharmacologically or knocking down its expression using siRNA, decreases DRP1 activity alluding to possible crosstalk between them in these two cancers. Consistently, a combination of MGCD516 and mdivi-1, a quinazolinone reported to inhibit mitochondrial fission, is more effective in attenuating proliferation of NSCLC and MPM cell lines than either drug alone. Considered together, the present study has uncovered a novel mechanism underlying mitochondrial regulation by MET that involves crosstalk with DRP1, and suggests that a combination therapy targeting both MET and DRP1 could be a novel strategy for NSCLC and MPM.
Introduction
The receptor tyrosine kinase (RTK) MET plays a crucial role in cancer biology including cell survival, cell growth, angiogenesis, and metastasis. [1] [2] [3] [4] [5] Thus, MET is overexpressed or activated in many types of cancer including non-small cell lung cancer (NSCLC). 6 NSCLC which constitutes~85% of all lung cancer, is the most common cause of death worldwide. 7 Receptor tyrosine kinase (RTK) inhibitors that target MET are quite effective in patients with NSCLC. [8] [9] [10] However, MET (and other RTKs) often activates signaling pathways in cancer cells that converge on common downstream effectors resulting in resistance to RTK-based treatment and hence, limiting their continued use. 6, 8 The redundancy of RTK-transduced signaling in cancer cells, and the wide-ranging effects of RTK ligands that lead to drug resistance, can be overcome through combinations of targeted agents. 11, 12 MET itself can interact with other RTKs such as EGFR and RON. In particular, a combination of HGF and EGFR TKI showed a synergistic apoptotic effect in preclinical studies in NSCLC 13 and malignant pleural mesothelioma (MPM). 14 Further, MET amplification in NSCLC is implicated in acquired resistance to EGFR inhibitors and has been reported in approximately 20% of cases with EGFR inhibitor resistance. 1, 15, 16 This provides further therapeutic rationale for combination RTK inhibitor therapies to treat selected patients with NSCLC although, how these different mechanisms may affect treatment outcomes in response to mono-or combination therapies remains poorly understood.
MET is also upregulated in MPM, 17, 18 an aggressive form of cancer with median overall survival ranging from 9 to 17 months, regardless of stage. Indeed, MPM remains a serious public health problem. The number of worldwide cases has steadily increased over the past decade and unfortunately, is predicted to rise further. 19, 20 Moreover, MPM is extremely difficult to treat due to limited treatment options and therefore, MET is an attractive therapeutic target both in MPM as well as in NSCLC. However, in light of the resistance that patients tend to develop when treated with MET inhibitors, we have explored a novel approach for these two cancers by evaluating the effect of inhibiting MET as well as mitochondrial dynamics and morphology in NSCLC and MPM.
Mitochondria are highly dynamic organelles that play a critical role in cellular physiology. Alterations in mitochondrial structures and functions have been linked to a wide variety of cancers. [21] [22] [23] [24] Cancer cells can alter the dynamics, bioenergetics, and biosynthetic properties of mitochondria to support their proliferation, migration and resistance to therapeutics. 25, 26 The mechanochemical GTPase, dynamin related protein 1 (DRP1), is a key regulator of mitochondrial fission that, in turn, regulates the structure and functions of mitochondria. Changes in DRP1 expression or activation are linked to various cancers suggesting that DRP1 can be a promising target for cancer therapy. [27] [28] [29] [30] [31] Mdivi-1 (mitochondrial division inhibitor) is a quinazolinone originally described as a selective inhibitor of Drp1 over other dynamin family members that is reported to inhibit mitochondrial fission. 32 Although, it is reported to inhibit mitochondrial division in mammalian cells by attenuating DRP1 self-assembly the exact mechanism remains poorly understood. Indeed, a recent study noted that mdivi-1 poorly inhibits recombinant DRP1 GTPase activity (K i > 1.2 mM) and therefore, it is likely that mdivi-1 may not be a specific DRP1 inhibitor. 33 On the other hand, there is also a large body of literature using mdivi-1 in vitro with effects that are predictive of inhibiting DRP1 and mitochondrial fission. 34 We recently showed that mdivi-1 is efficacious in MPM cell lines. 35 Furthermore, we showed that activation of the MET pathway induced changes in mitochondrial morphology and affected mitochondrial staining intensity in HEK-293 cells 36 alluding to possible crosstalk between MET signaling and mitochondrial morphology and functions. Therefore, in this manuscript we explored the effect of combining MET and DRP1 inhibitors on NSCLC and MPM. First, we demonstrate that pharmacologically inhibiting MET with the orally-active tyrosine kinase inhibitor MGCD516 attenuates viability migration and invasion of NSCLC and MPM cells in vitro, and significantly retards tumor growth in vivo. Next, we show that inhibiting MET decreases DRP1 activity via the MAP kinase pathway and significantly alters mitochondrial morphology. Finally, we show that a combination of MGCD516 and mdivi-1 is more effective in attenuating proliferation of NSCLC and MPM cells than either drug alone. Thus, the present study has uncovered a novel mechanism that involves crosstalk between an RTK (MET) and a mitochondrial fission-related protein (DRP1), and suggests that a combination therapy targeting both MET and DRP1 could be a novel strategy for NSCLC and MPM.
Results

MET is overexpressed in NSCLC and MPM cell lines and inhibiting its activity attenuates their growth in vitro
We first determined MET protein expression in NSCLC and MPM cell lines by immunoblotting. Total cell lysates prepared from the NSCLC cell lines A549 and H1993, and the MPM cell lines H2373 and H2461 were probed with an anti-MET antibody as described in the Materials and Methods. The nontumorigenic lung epithelial cell line BEAS-2B, and the mesothelioma cell line MeT-5A, were used as respective controls. As can been seen from Figure 1 the MPM cell lines (panel C) compared to the respective control cell lines. Having conformed MET upregulation, next, we determined the effect of inhibiting MET kinase activity with MGCD516. The same cell lines that were used in the immunoblotting experiment were treated with increasing concentrations of MGCD516 for 72 h. As indicated in Figure 1(b,d) , the various cell lines exhibited differential sensitivities to this particular RTK inhibitor. Thus, in the case of NSCLC, while the H19193 cell line with higher MET expression was quite sensitive (IC50 0.8μM), the A549 cell line with a significantly lower MET protein level, was fairly resistant to MGCD516 (IC50 4.7μM). Similarly, in the case of MPM cell lines, the H2373 cell line with higher MET expression was more sensitive to MGCD516 inhibition (IC50 4.4μM) than was the H2461 cell line (IC50 6.0μM) that had significantly lower MET expression.
MGCD516 attenuates migration and invasion of NSCLC and MPM cell lines
Since we observed a differential effect of MET inhibition on cell proliferation that correlated with the extent of MET expression, we asked if there was a similar correlation with regard to the migration and invasion capabilities of these cell lines. Cell migration was determined using a wound healing assay. DMSO or MGCD516 pretreated cells were seeded on 8W1E arrays as confluent monolayer. Cell monolayers were electrically wounded as described in Materials and Methods cellular resistance were recorded. The wound was then allowed to heal from cells surrounding the small active electrode that did not undergo the elevated voltage pulse. As shown in Figure 2 (a,b), MGCD516 treatment delayed wound healing in the case of the NSCLC cell line H1993 as well as the MPM cell line H2373 compared to vehicle (DMSO) control.
To assess the effect of MGCD516 on cell invasion, cells were treated with 2μM MGCD516 for 24 h and assayed using BioCoat™ Matrigel® Invasion Chambers and quantitated by counting the invasive cells as described in Material and Methods. Again, as can be seen from Figure 2 (c-f), MGCD516 dramatically attenuated the invasiveness of the H1993 (17.6%, p = 0.0002) and the H2373 (35.0%, p = 0.0088) cells compared to pretreatment with the DMSO vehicle control.
MGCD516 inhibits DRP1 activation and regulates mitochondrial dynamics and morphology
To investigate whether MGCD516 targets the MET-Erk1/2 signaling pathway and affects mitochondrial dynamics, we treated H1993 and H2373 cells with MGCD516 for 24 h and assayed changes in levels and/or activation of MET, Erk1/2, DRP1, and Fis1 by immunoblotting. In both cell lines, MGCD516 significantly lowered the steady state levels of phosphorylated MET, Erk1/2 and DRP1, and also reduced the level of total Fis1 (Figure 3 (a,d)) confirming crosstalk between MET and DRP1 that we suspected in these two cancers. Next, we asked if MGCD516 targeted ligand-dependent or ligand-independent activation of DRP1 by MET (phosphorylation at Ser616) in H1993 and H2373 cells. Toward this end, cells were treated with MGCD516 or DMSO for 24 h, followed by stimulation with 100 ng/ml HGF for 15 minutes to activate MET. Treated cells were then stained using antibodies and visualized by immunofluorescence microscopy. The results revealed decreased fluorescence in the distribution of phospho-MET and phospho-DRP1 ( Figure S1 (a,c) but did not affect total MET or DRP1 ( Figure S1(b,d) ) indicating that MGCD561 targeted ligand-dependent MET activation.
To assess the effect of MGCD516 on mitochondrial morphology, we examined cells stained with MitoTracker using confocal microscopy. In control cells NSCLC and MPM cells treated with just the vehicle (DMSO), the mitochondria appeared rounded and clustered around perinuclear regions. However, in MGCD516-treated cells the mitochondria appeared more elongated and showed a scattered cytoplasmic distribution (Figure 3(b,e) ). The relative average length of the mitochondria in MGCD516-treated cells was significantly longer in both cancer cells than in DMSO-treated controls (Figure 3(c,f) ).
Since MGCD516 can also inhibit other RTKs that interact with MET, it is quite possible that the effect of this drug that we observed on mitochondrial dynamics and morphology may have been indirect. To rule out this possibility, we selectively silenced MET expression both in NSCLC and MPM cell lines by transfecting them with MET-specific siRNA. As shown in Figure 4(a,d) , knocking down MET downregulated DRP1 protein in H1993 and H2373 cells compared to the control siRNA. Furthermore, the steady state levels of phospho-DRP1 and phospho-ERK1/2 proteins in the case of the MET-specific siRNA were also significantly decreased compared to the control siRNA.
We also assessed the effect of knocking down MET expression on mitochondrial morphology by observing MitoTracker-stained cells by confocal microscopy. In both NSCLC and MPM cell lines transfected with a scrambled (control) siRNA, mitochondria appeared rounded and clustered around perinuclear regions while in the cells transfected with the MET-specific siRNA, the mitochondria appeared elongated and exhibited a more scattered distribution (Figure 4(b,e) ) as was seen when we inhibited MET with MGCD516. The relative average length of the mitochondria in MET-specific siRNA cells was significantly longer than in cells transfected with the control siRNA (Figure 4(c,f) ). Considered together, these observations not only confirmed that there is crosstalk between MET signaling and mitochondrial morphology but also underscore the functional link between MET and DRP1 in NSCLC and MPM.
Kinomics Analysis:
To discern kinase activity dynamics of control and drugtreated cells, raw PamGene data were preprocessed as follows. "N/A", negative and zero values were set to missing; the values greater than 0 were log transformed. The Log values of the peptides representing the same gene were added up. We shall refer to these values as gene-level measurements in this manuscript. Gene-level measurements were considered significant if FDR < 0.05 (Supplemental Table 1 ) where LogFC = Log(treatment) -Log(control). The statistically-significant gene-level measurements are also shown on heat maps for the two cell lines (Supplemental Figure 2) . When significant measurements were analyzed using Metacore to discover "pathway map folders", i.e., groups of pathway maps linked by some common attribute, 35 folders with various properties were obtained. Of these, the "Lung Cancer" folder was chosen for further analysis. The maps within the "Lung Cancer" folder were ordered by the fraction of affected proteins for H1993 and H2373. Interestingly, the top map observed were "chemotaxis", "HGF signaling", "VEGF signaling" and "FGFR signaling". An additional analysis was performed to investigate involvement of MET (the target of the drug). Specifically, from the list of statistically significant pathway maps derived from the data, the maps were also filtered by the presence of MET. Supplemental Figure 3 showed that MET inhibitory treatment of NSCLC and MPM cells related to "cell adhesion" and "neoplasms/carcinogenesis" indicating that the inhibition of PDK phosphorylation by MET upstream of inhibition of apoptosis is very likely the cause for reduced survival of the neoplastic cells.
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MGCD516 treatment results in significant tumor growth inhibition in vivo models
To evaluate the effect of inhibiting MET on DRP1 in vivo, we created a mouse xenograft model of NSCLC. Mice were injected with H1993 cells and dosed with an orally-active MGCD516 preparation or vehicle for 25 days after tumor volume reached an average of 200 to 300 mm 3 . As can be seen from Figure 5(a) , drug-treatment dramatically inhibited tumor growth compared vehicle-treated controls. Furthermore, immunohistochemistry of the xenograft tumor tissue revealed that the levels of both phospho-Met and phospho-DRP1 were significantly reduced in the drugtreated samples compared to the vehicle-treated controls ( Figure 5(b) ).
A combination of MGCD516 and mdivi-1 is more effective than either drug alone in NSCLC and MPM
Having established a functional link between MET and DRP1 in NSCLC and MPM both in vitro and in vivo, we next determined the effect of disrupting the cross talk between them by inhibiting either or both protein activities in these two cancers using MGCD516 and mdivi-1, respectively. H1993 and A549, and H2373 and H2461 cell lines were treated with indicated in concentrations for 72 h and cell viability was determined as described in Materials and Methods. As shown in Figure 6 , while both NSCLC and MPM cell lines were sensitive to the highest dose of MGCD516, mdivi-1 by itself was relatively ineffective. However, when combined, the two drugs were far more efficacious than either drug alone, underscoring further the functional link between MET and DRP1.
Of note, other than the RTK pathway, such as MET pathway, DRP1 is known to be regulated by other pathways such as CDK, PKA, PKC, and GSK3. 38 Moreover, DRP1 inhibition may be compensated by upregulation of other mitochondria proteins, such as Fis1. Interestingly, we found that Fis1 is also regulated by MET (Figure 3(a,b) ) demonstrating the benefit of simultaneously inhibiting both MET and DRP1 in NSCLC and MPM.
Discussion
Despite intense research efforts, NSCLC and MPM have remained notoriously resilient to therapy. Furthermore, the emergence of drug resistance against the popular RTK inhibitors that are effective in patients with elevated or genetically altered RTKs that drive proliferation, has added to the burgeoning problem. MET is a well-known drug target in NSCLC and also in MPM where it plays a crucial role in disease pathology including cell survival, cell growth, angiogenesis, and metastasis. [1] [2] [3] [4] [5] We had previously showed that activation of the MET pathway induced mitochondrial morphology change and affected mitochondrial staining intensity in HEK-293 cells, 36 suggesting that MET may be regulating mitochondrial morphology and functions. In this study, we have provided evidence indicating that indeed, in NSCLC and MPM, MET does regulate mitochondrial structure and function. We have also shown that this regulation acts primarily through the mitochondrial fission proteins DRP1 and to a lesser extent Fis1. As far as we are aware, the present study is the first to demonstrate that a receptor tyrosine kinase regulates DRP1 in a ligand-dependent manner which is critical for DRP1 function in cancer cells. The fact that, hepatocyte growth factor (HGF), is also upregulated in these patients 8, 39, 40 lends further credence to our observation. In a recent report, the non-receptor tyrosine kinase c-Abl was shown to directly phosphorylate DRP1 to regulate its GTPase activity and promote oxidative stress-induced mitochondrial fragmentation and neuronal cell death. 41 Although the exact role of DRP1 phosphorylated by MET in cancer remains unknown, inhibiting DRP1 in conjunction with MET appears promising. Unfortunately, as pointed out earlier, the specificity of mdivi-1 as well as its mode of action remain equivocal, and attempts to develop small molecule inhibitors that specifically inhibit DRP1 have not been successful. However, a small peptide inhibitor that selectively inhibits DRP1 enzyme activity and disrupts the DRP1-Fis1 interaction has been identified. 42 The availability of such a compound coupled with new technologies that facilitate therapeutic peptide delivery 43 would open new possibilities of combination therapies targeting MET and DRP1 as a novel therapeutic approach for NSCLC and MPM. Antibodies: Phospho-MET (Tyr1234/1235), phospho-DRP1 (Ser616), phospho-Erk1/2 (Thr202/Tyr204), and Erk1/2 antibodies were purchased from Cell Signaling (Danvers, MA, USA). Antibodies against Fis1 (c-10) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-DRP1 antibodies were purchased from Abcam (Cambridge, MA, USA) and the β-actin antibody was purchased from Sigma (St. Louis, MO, USA). Antibodies against MET (3D4) and phospho-MET (Tyr1230, 1234, 1235) were purchased from Invitrogen (Carlsbad, CA, USA).
Materials and methods
Cell lines and
Cell Viability Assay: To determine specific cytotoxicity, we used Cell Counting Kit-8 (CCK-8) purchased from Dojindo Molecular Technologies. Cells were seeded in 96-well plates and allowed to adhere in normal growth media for 24 h. The test compounds were added to 100 µl of media at the indicated concentrations for 72 h. 10 μl of the CCK-8 solution was added to each well of the plate and absorbance at 450 nm was measured using a Tecan Spark 10M multimode microplate reader.
Immunoblotting: Whole cell lysates were prepared using RIPA lysis buffer. Protein samples were run on 4-15% Miniprotean TGX gels (Bio-Rad) and transferred onto Immobilon TM membranes (Millipore). Blots were blocked using 5% BSA in TBST for 1 h and probed with primary antibody overnight at 4°C. After washing 3 times in TBST, blots were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. The blots were then washed again and visualization of immuno-reactive bands was achieved using LumiGLO® enhanced chemiluminescence (Cell Signaling Technology) and imaged using the ChemiDoc MP imager (Bio-Rad).
Electrical cell-based impedance sensing (ECIS) wound-healing assays: Wound-healing assays were done with ECIS array (Applied Biophysics, Troy, NY) technology. Confluent cell monolayers cultured on ECIS plates were submitted to an elevated voltage pulse of 40-kHz frequency, 3.5-V amplitude, and 30-s duration, which led to death and detachment of cells present on the small active electrode, resulting in a wound normally healed by cells surrounding the small active electrode that have not been submitted to the elevated voltage pulse. Wound healing was then assessed by continuous resistance measurements for 24 or more hours.
Invasion assay: Cell invasion assays were evaluated using Corning® BioCoat™ Matrigel® Invasion Chambers with 8.0μm PET Membrane (Corning, NY, USA). After overnight serum starvation, cells were treated with 2Μm MGCD516 in serumfree medium for 24 h. Cells were prepared as mentioned above in 24-well plates following the manufacturer's instructions. 10% serum was added as a chemoattractant. After 24 h incubation, invasive cells were stained by DiffQuik kit and counted under a microscope. Kinomics analysis: PamGene technology using the PamChip Tyrosine Kinase Array was used to detect phosphorylation of peptides. This technology was used to measure the activity of purified kinases and the effects of kinase inhibitors as described elsewhere. 10, 44 The lysates of cell lines H1993 and H2373 were directly treated with 1 uM of MGCD516. Image quantification and data processing were conducted with the Evolve and BioNavigator software package (PamGene). The peptides that were significantly differentially affected and signaling pathways were analyzed using Ingenuity Pathway Analysis (IPA) (Redwood City, CA).
Immunofluorescence: The cells were grown on glass coverslips coated with 1% gelatin solution in 6-well plates. Cells were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS), pH 7.4, permeabilized in PBS containing 0.1% Tween and 0.25% Triton x-100. After washing with TBST, cells were blocked with 5% serum for 1 h. Primary antibody diluted in antibody diluent (Dako) was incubated at 4°C overnight. Secondary antibody conjugated with AlexaFluor 488 or AlexaFluor 568 was added after washing. Following washing, the coverslips were mounted immediately in Prolong Gold Antifade reagent with DAPI (Life Technologies). Images of labeled cells were acquired by a confocal microscope (Zeiss LSM880).
Transfection: MET and control siRNAs were purchased from OriGene (Rockville, MD, USA). JetPrime transfection reagent (Polyplus Transfection) was used to transfect siRNAs according to manufacturer protocol.
Confocal microscopy: Cells were cultured on 35mm glass dishes to desired density. After MGCD516 treatment for 24 h, 30 nM MitoTracker dye (Thermofisher Scientific) and 0.1µg/mL Hoechst 33342 DNA dye were added to stain cells for 15 min. After washing, cells were observed with a confocal microscope immediately. The images were then imported into ImageJ software (http://imagej.nih.gov/ij/index.html) for mitochondrial length measurement.
Xenograft mouse tumor models: Female homozygous athymic nude mice (5-6 weeks of age) were obtained from Harlan Laboratories , mice were randomized into two groups (n = 5 mice/group) to receive vehicle alone or MGCD516 (20 mg/kg). Drugs were administered once a day for 25 days by oral gavage. Body weight and tumor volume were recorded every 3 days until the study was terminated. Mice were sacrificed and tumor tissues were excised, weighed, subsequently fixed in 10% buffered formalin and embedded in paraffin. For in vivo studies, 8 mg MGCD516 was dissolved in 100 µl DMSO and 900 µl of PEG400 was added to bring the volume to 1 ml. After mixing, 1 ml of saline was added to bring the final volume to 2 ml. 2ml is enough for 20, 20g mice.
Immunohistochemistry (IHC) staining: Histological sections at a thickness of 5 μm were deparaffinized with xylene and rehydrated through an alcohol gradient series to water. Antigens were retrieved and endogenous peroxidase activity was quenched using 3% hydrogen peroxide. After blocking, the sections were incubated with the following primary antibodies, respectively, incubated for 30 min or 1 hour at room temperature or at 4°C overnight dependent on the optimization result of each antibody. Specimens were then incubated with the EnVision+ System-HRP labeled polymer anti-mouse or anti-rabbit, correspondingly for 30 min at room temperature, followed by incubation with the Liquid DAB+ Substrate Chromogen System (DAKO) for 8 minutes at room temperature on a DAKO Autostainer. After washing, the specimens were then counterstained with hematoxylin and covered with coverslips.
Statistical analyses: For data analysis, experimental samples were compared to controls by unpaired Student's t-test. For multiple group comparisons, a one-way variance analysis (ANOVA) was used. Differences between groups were considered statistically significant when P value was less than 0.05. All statistical analyses were performed using the GraphPad Prism program (GraphPad Software Inc., USA).
